Abstract: In this evaluation, both the internal and external radionuclide detection efficiencies for a portal monitor were evaluated as a function of photon energy using an anthropomorphic phantom. Pass-through and static measurements were completed using 241 Am, 57 Co, 133
INTRODUCTION
Photon radiation portal monitors are commonly used as an element of radiation protection programs at nuclear facilities worldwide. These radiation monitors are primarily used for personnel monitoring of external contamination, but also have the ability to detect internally deposited radionuclides. Understanding the sensitivity of the radiation portal monitor to both externally and internally deposited radioactivity of single radionuclides or of radionuclide mixtures is an important element in assessing the potential total effective dose equivalent (TEDE) to facility personnel.
The Mirion, (5000 Highlands Parkway Suite 150 Smyrna, GA 30082 USA) Fast-Track-Fibre™ (FTF) portal monitor was characterized for response to internal and externally deposited radionuclides using an anthropomorphic phantom, as suggested by the portal monitor requirements of the American Nuclear Insurers (ANI) Engineering Inspection Criteria (ANI-EIC) Section 8.5.9 (ANI 2008). Detection efficiencies were measured with sources placed at internal and external positions on a phantom, using both static (stationary) and pass-through portal monitor detection modes. The FTF has proprietary algorithms that were not investigated, such as false alarm probability filters, time resolved algorithms, detection of fluctuating background conditions, and handling of special scenarios by pattern recognition.
The efficiencies of multiple radionuclides with widely varying photon energies were evaluated in order to determine the FTF's energy response curve. This response curve, in terms of efficiency as a function of energy, allowed for the calculation of the minimum detectable activity (MDA), minimum detectable intake (MDI), and minimum detectable committed effective dose equivalent (MD-CEDE) per alarm for any photon emitting radionuclide mixture as described in Section 8.5.9.7 and Section 8.5.9.10 in ANI-EIC.
The FTF was also analyzed for activity linearity, background linearity, single detector uniformity, and total detector uniformity as described in Sections 8.5.9.4 and 8.5.9.8 in ANI-EIC.
MATERIALS AND METHODS

Portal monitor
The FTF portal monitor contains 14 polyvinyl toluene (PVT) detectors with fiber optic coupling to two multichannel photomultiplier units (Mirion Technologies 2011) . These PVT detectors run along the sides, bottom, and top of the device. The 12 side detectors are each 85 cm in height, 15 cm in width, 5 cm deep, and include 2.54 cm of lead shielding towards the exterior of the portal monitor, to reduce the background and potential cross-talk between multiple portal monitors if positioned side by side. The bottom and top detectors are 40 cm in width and length and 5 cm deep. The response from these detectors is grouped into eight channels leading to two multichannel photomultiplier units. For all static measurements recorded, except for those contained in the Single Detector Uniformity section, the responses were summed into a single system or total response. Mn were used to fill in gaps in the energy spectrum. The sources, with their percentage uncertainty and sigma values, are summarized in Table 1 .
Radioactive sources
Anthropomorphic phantom
The Lawrence Livermore National Labs (LLNL) phantom was used for the both the internal static and pass-through measurements, as well as the external static measurements. An image of the LLNL phantom positioned inside the FTF is shown in Fig. 1 . Each source position shown in Fig. 1 is described in Table 2 , per ANI-EIC Section 8.5.12.
The portal monitor was evaluated for internal sensitivity per ANI-EIC Section 8.5.9 as well as external sensitivity. Prior to taking measurements, a two point calibration was completed using the 39 kBq 137 Cs source. This process was necessary for the external passthrough analysis described in the Internal and External Efficiencies section below. Static and passthrough measurements were completed for scenarios with an empty portal monitor (i.e., in-air measurements), and with sources positioned inside and outside a LLNL phantom. Due to the LLNL torso phantom not having extremities, external sources were placed on a human during pass-through measurements. Static data were recorded using the FTF's "Wait-in" mode, which allows for timed static measurements. Pass-through data were recorded using FTF's "Fast-Track" mode. Detector measurements were used to create photon energy response curves and calculate minimum detectable quantities.
Detector linearity
Activity linearity response. Section 8.5.9.4 and Section 8.5.9.8 in ANI-EIC requires counting rate to increase linearly with increasing source activity. This linearity was evaluated using three 137 Cs sources with activities of 39, 9.5, and 3.8 kBq as described in Table 1 .
Background linearity. Background levels were artificially increased using multiple sources positioned around the outside of the portal monitor. Background exposure rates were measured in the center of the FTF using a calibrated Ludlum, (501 Oak St, Sweetwater, TX 79556) 3-97 detector. The total gross counting rate of the portal monitor was evaluated for >linearity as a function of background exposure rate and then used to determine a conversion factor between counts per second (cps) and μR h Effects of background counting rate on lower level discriminator. The lower limit of detection was calculated as a function of background counting rate using a 100-s background count time, 10-s source count time, and detection probabilities of zα = 1.645 and zβ = 3.09.
Single detector uniformity. In order to measure the uniformity of a single detector, a side detector was removed and shielded, such that a source placed on the detector face would not add net counts to any other detector. With this approach, net counts on the detector channel were measured to determine detector uniformity over the detector face. Because the top and bottom detectors are on a dedicated photomultiplier channel, uniformity measurements only required background subtraction.
Total detector uniformity. The total response of the system was evaluated at multiple locations, at a 10-cm distance from the inner portal monitor side walls. These measurements were taken from −20 to +20 cm in 10-cm intervals, where 0 cm was taken to be the middle of the portal monitor (i.e., where a person would stand during a static measurement). Vertical measurements were taken at 20-cm intervals from the floor of the portal monitor to a height of 180 cm.
Internal and external efficiencies
Source locations for internal and external static and passthrough measurements are described in Table 2 . The depths shown are given with respect to the surface tissue at each individual location. The width gives the lateral displacement of the source from the phantoms centerline. Right and left are taken from the phantom's frame of reference. A human was used in place of the LLNL phantom for elbow, knee, and foot measurements, as the phantom did not include these extremities.
For pass-through measurement, when the FTF alarms, the device displays personnel transit speed (m s ) and maximum and minimum expected activity but no counting data. Therefore, a roundabout method was created to determine the pass-through efficiency of the portal monitor as a function of personnel speed. The initial calibration with 137 Cs was used as the average total detector efficiency. When a pass-through alarm was triggered using the same 137 Cs source, the average of the maximum and minimum expected activities was recorded along with the estimated personnel speed. The average activity was then multiplied by the average detector efficiency for 137 Cs to calculate the expected net counting rate. This methodology was repeated 30 times for each measurement location and fit to a linear regression for counting rate vs. personnel speed. Minimum detectable activities were calculated under the assumption that the average alarm was equal to the alarm threshold. This procedure may be applied to other nuclides with similar photon energies to 137 Cs for external photon efficiency by using a ratio of the efficiency of 137 Cs pass-through to the 137 Cs static measurement.
Efficiency calculations
The efficiency of a nuclide with a half-life much greater than the counting interval was calculated experimentally in units of counts per nuclear transformation by dividing the net counting rate by the decay-corrected source activity A as:
Most photon emitting nuclides emit multiple photon emissions per transformation, the yieldweighted average nuclide energy (also termed effective energy) was calculated by:
The total yield of a nuclide was calculated as the sum of the photons emitted per transformation:
The effective nuclide efficiency in counts per photon was calculated by:
Minimum detectable quantities
The efficiency of the portal monitor for different nuclides allowed for the calculation of the MDA, MDI, MD-CEDE per alarm, and MD-DAC-hr per alarm for all nuclides tested.
The critical level (L C ) used to evaluate measurements for activity above background was established using a type I (false positive) error probability of five percent. This equates to a normal deviate z α of 1.645, which is used in the equation below (Currie 1968 ):
where T g is the sample counting interval (in this case the personnel counting interval) and T b is the background counting interval. The lower limit of detection (L D ), the smallest net signal that can be detected reliably was established using a type II (false negative) error probability of 0.10%. This equates to a corresponding normal deviate z β of 3.09 which was used in the equation below:
The personnel counting interval, T g was equal to 10 s for this evaluation and the background counting interval was 100 s. The MDA for a given nuclide was calculated experimentally as the lower limit of detection divided by the counting efficiency in units of counts per nuclear transformation:
The MDA for a nuclide mixture was given by:
where f j is the nuclide activity fraction for the j th nuclide in the mixture.
To determine the MDI for a given nuclide, it was assumed that the detection of the intake will be discovered in less than a half day following an acute inhalation or ingestion intake. The relationship between MDA and MDI was expressed using an intake retention function (IRF) as shown in eqn (9):
For purposes of this evaluation, the delay post intake was assumed to be 0.2 d (4.8 h) and an aerodynamic median activity diameter (AMAD) of 1 micrometer was used. NUREG/CR-4884, which is based on ICRP 30 methodology, was used to determine the IRF values for nuclides in the lungs, nasal passages, and GI tract (U. S. NRC 1987; ICRP 1978) . The IRF for ingestion was taken as 1.00. For a mixture of nuclides the MDI was calculated by:
The MD-CEDE was calculated from the MDI mix and the most limiting annual limit on intake (ALI) from 10 CFR 20, Appendix B (U. S. NRC 2012 Co as Type Y. The resultant MD-CEDE represents the minimum internal dose from an acute intake of a photon emitting nuclide mixture (in units of mSv) that would correspond to a portal monitor alarm: Copyright © 2014 Health Physics Society. Unauthorized reproduction of this article is prohibited.
where f j is the nuclide activity fraction of the mix, and D ALI is 50 mSv for SALI and 500 mSv for NALI. The minimum detectable derived air concentration (MD-DAC) in DAC-hrs was calculated as:
The MD-CEDE and MDDAChr for single nuclides are easily inferred from eqn (11) and eqn (12) by setting j equal to one.
RESULTS AND DISCUSSION
The initial performance parameters of the FTF portal monitor are described in the Detector Linearity section. Detector efficiencies for static and pass-through modes are presented in the following sections for both internal and externally deposited radionuclides. Minimum detectable quantity results such as MDA, MDI, MD-CEDE and MD-DAC-hr are discussed below.
Detector linearity
Activity linearity response. The linearity of the detector was evaluated by plotting the net counting rate versus the source activity, as shown in Fig. 2 . An unweighted linear function (with the y-intercept set to zero) was fit to the data. The resultant correlation coefficient of 0.9998 indicated the detector was behaving as expected.
Background linearity. A linear fit (with the y-intercept set to zero) was applied to the total detector counting rates versus background exposure rate data shown in Fig. 3 . These data indicate some slight deviations from linearity however, these deviations were considered acceptable (correlation coefficient of 0.9891) and are most likely attributable to the nonuniformity of the artificial background field that was created. A conversion factor between total detector counting rate and a uniform background exposure rate was determined as:
where 1,652 is the slope of the linear regression line found in Fig. 3 . This slope is only accurate for the sources and geometry used to generate the high background field in this experiment.
Single detector uniformity. Detector uniformity for the side, top, and bottom type detector is shown in Fig. 4 and Fig. 5 . As expected, the detector response was greatest in the center, were the solid angle subtended was the greatest.
Total detector response. The measured total detection uniformity in Fig. 6 shows larger normalized values in the center of the horizontal axis, with multiple larger regions along the vertical axis. The increase in response towards the center of the horizontal axis was expected due to the increased total solid angle subtended. The reduced efficiency around 100 cm in height was also expected due to the existence of an air gap between the upper and lower side detectors. It is assumed that Fig. 6 would appear vertically symmetric had measurements been taken at the top of the detector (roughly 200 cm).
Internal static efficiencies
Static measurement efficiencies for various internal locations are shown in Fig. 7 .
Regression parameters for the thyroid, right lung, GI tract and left lung static internal efficiencies have been fit to third order polynomials given in eqns (14) through (17) The efficiency curves for the internal efficiency measurements show higher overall efficiencies for the thyroid region, with the GI tract having the lowest efficiency. This is expected as the thyroid has less attenuating material between the source and the detectors, while the GI tract has the most attenuating material, thus the exiting photon has a lower probability of being detected. It should be noted that the left lung efficiencies are slightly higher than the right lung due to the left lung source depth being 5 cm, while the right lung was positioned deeper, at 8 cm.
External static efficiencies
The efficiency results are shown as a function of effective photon energy in Fig. 8 .
The polynomial regression results for the external static efficiencies are contained in eqns (18) Internal pass-through efficiencies Measurement of the internal pass-through efficiency was completed for a source positioned within the abdomen of the LLNL phantom, with the results shown in Fig. 9 . Due to the variance in the efficiency results and the uncertainty in entry velocity, a linear regression of the data would result in a very low linear regression correlation coefficient of 0.0046. Therefore, there is no appreciable correlation found between internal pass-through efficiency and entrance velocity. However, the average of the data in Fig. 9 gives an average entry velocity of 0.9 m per second, and an average detector efficiency of 0.8%.
External pass-through efficiencies
External pass-through efficiency data for each body part from linear regressions of each data set are shown in Table 3 . As expected, faster transit times led to a lower efficiency. Two trials were completed for the source on the right knee. A higher efficiency is found when the source leg steps into the portal monitor first, as expected due to the temporary lack of motion as weight is shifted onto the leading leg.
Minimum detectable quantities
Effects of background counting rate on lower level discriminator. L D as a function of background counting rate is shown in Table 4 and shown in Fig. 10 . As one can see, the shape of the curve in Fig. 10 approximates a square root function, as expected from eqns (5) and (6). Internal static minimum detectable activity. The average measured internal efficiency for each nuclide was used to calculate the MDA of each nuclide for an average background of 22,000 cps. These results are contained in Table 5 using a false positive probability of 5% and a false negative probability of 0.10% as stated previously.
The expected MD-CEDE for the likely solubility class for each nuclide was calculated using eqn (11). For these calculations the left and right lung MDA values were averaged and the thyroid measurements assumed to be the nasal passage (due to proximity). MD-CEDE values are contained for either an inhalation or ingestion scenario in Table 6 and Table 7 . The lowest MD-CEDE for each nuclide are bolded in Table 6 .
The expected MD-DAC-hr for each nuclide is calculated using eqn (12). This calculation was performed for an inhalation scenario the results of which are shown in Table 8 .
External static minimum detectable activity. The MDA for external source positions was calculated for various locations for a background counting rate of 22,000 cps. These results are contained in Table 9 for the various nuclides used.
Internal pass-through minimum detectable activity. An estimate of the MDA for internal pass-through of 137 Cs in the abdomen can be calculated using the average of the data shown in Fig. 9 . Using a 1 m per second entry velocity and the minimum efficiency of 0.6% yields an MDA for 137 Cs in the abdomen is found to be 5 Â 10 4 Bq.
External pass-through minimum detectable activity. Measurement of the efficiency as a function of entrance velocity was used to calculate the MDA for 137 Cs for pass-through monitoring. These results are shown for various body locations at different velocities in Table 10 . 
CONCLUSION
The FTF portal monitor was found to be operating as expected in terms of activity and background linearity. Uniformity measurements of both the single and total detector uniformity resulted in responses that were mostly due to distance and the solid angle subtended by the detectors, as expected.
The , respectively. While the static mode is appreciably more sensitive compared to the pass-through mode, pass-through monitoring may be an acceptable practice to employ for both internal and external source terms. This is, of course, highly dependent on the nuclide mixture and deposition location. In conclusion, understanding the response of portal monitors to internally deposited radioactivity can be an important tool in allowing radiation protection personnel to bound potential internal doses (Carey et al. 2012 ). This information could be applied in litigation support; or in evaluation of potential missed doses if unmonitored internal exposures occurred in a facility. 
